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ABSTRACT

Well-dispersed and unaligned multalled carbon nanobes (MCNTSs) infused liquid epoxy
adhesive have been reported for significantly improving the adhgsinteof carbon fiber
reinforced polymer (CFRP) composite laminates. However, it has not been determined in the
literature if the alignment of MCNTs woufitovide an additional improvement than the randomly
aligned case. In this study, various epoxy film adhesives embedded with 1wt% ttirmkgless
aligned MCNTSs, unaligned MCNTSs, aligned carbon nanofibers (CNFs), and unaligned CNFs were
used for bondin@€FRP laminates. These variants have been used to bond two CFRP laminates for
the ASTM D586801 single lap test as well as a steel variant for the same bonding pidoess.
average shear strengths of the samples bondédtehxatious film adhesives were cpaned with

the samples bonded by the pure epfikgs. Microscopic analysis has been used to examine the
fracture surface after testing. It was also used to visualize how the film adhesives fail while
experiencing shear. This study has investigated tleetaféness of infusinthroughthickness
directionally aligned vs. unaligned nanoparticles in an epoxy film adhesive for bonding CFRP
laminates and steel plate. It also indicates the potential future research direction of using
nanoparticles in advancedteesive technologies.
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1. INTRODUCTION

Nanomaterials and the products infused with them have become more commonplace in recent
years following the discovery of carb nanotube§CNT) back in 1991 [1]CNT and its similar
counterpartarbon nanofiber<QNF) are investigated thoroughly to this day. An admirable pairing

of either of these materials with adhesive resins have yielded composites which have both high
electical and thermal conductivity as well as a high interlaminar shear strengtj.[2,3

In this study it is intended to use either CNT or CNfodified epoxy film adhesivéo enhancea

single lap adhesive joinin a single lap adhesive joint shear test,atiberends and thiesurface
preparation could also affect the testing resultsthe literature [5],several configurations
mechanical sanding and chemical baths were used to reduce the inherent impurities of the bonding
surfaces for metallic testing goons.With appropriate bonding surface preparatitrey were

able to increase the shear strength of their MCNT adhesive film roughly 500% percent with a
maximum shear strength of 6.72 MPa, although a direct correlation was impossible due to the
differences in bonding area and bond line thicknésghis study, CFRFPaminate adherendsnd
galvanized steehdherendsvere bonded by variouspoxyfilm adhesives containing aligned or
unaligned CNT or CNF for the single lap shear tests.

2. EXPERIMENTATION
2.1 Materials

The materials used for this experiment include Toray T700S unidirectional fabric (68@rgah

weight, 1.8 g/crifiber density, 12k tow size), MCNTOOH (COOHfunctionalized multiwalled

carbon nanotube, Cheap Tubes, Inc.), GNF-25-LD-HHT grade (Pyrograph Products/Applied
Sciences, Inc.), Epon 862 resin and Epikifecuring agent (MilletfStephenson Chemical Co.

Inc.), BYK S191 and BYK $192 surfactants (provided by BYK), and Tie Down Engineering
59150L Stainless Steel Galvaed Strap (purchased from Home Depot). The CNF used was
reported to have a tensile strength ofJ[12.35 K
and has a mean length of-800 um as well as a mean diameter of 100 nm. The MCNT was
claimed to have mean length of 830 um and a mean diameter of20 nm.

CFRP laminates were prepared by h#éndip processing. Four layers of T700S fabrics were
trimmed just above the ASTM D586AR. required dimensions for easy sanding with a range of 1

cm to 2 cm extra space and stacked into the out of autexdéaveim bag ogl (OOA-VBO) setup.

The Epon 862/Epikurer resin was impregnated into the fabric using a resin roller. Then the peel
plies and the flow distribution media were arranged. The whole assembly was vacuumed and cured
in-between the space of two plates of a hesp. The temperature cycle was 10 minutes at room
temperature, 120 minutes held at 420then demolded and then pasired at 120 minutes held

at 180C. The coupon was trimmed into 101.6 mm by 25.4 mm by 2.5 mm CFRP coupons to be
bonded with the film adésive later. The steel strap of 1.0 mm thickness was cut into steel coupons
of 31.8 mm by 101.6 mm.

The unaligned MCNresin film and unaligned CNFesin film followed the same procedure for
manufacturing with the exception of the nanofiller for each daseexample, to make the batch
for aligned and unaligned CNF ep862 would measure out as 100 wt% of the total calculated
mass. Next dispersion chemicald %l and S192 were both measured out for 1 wt% each. Then
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manual stirring was imposed on the batahmix the ingredients evenly. After the nandfiller, in

this case CNF, was measured out at 1 wt% on the scale to get an accurate reading of CNF before
mixing. After that high shear mixing and sonication converted thehoamogeneous mixture into

a uniformone and lower in agglomerations. The next step was a second degassing, at which point
EpikureW was mixed in at 26.5 wt%. To create the film, the resin undergestadgig. This

process was monitored for roughly 40 minutes at’@2@ith samples taken in ® 5 minute
increments. Then the-Btaged resin is passed throwgproprietary method of creating uniform

sheets of film of equal thickness. This marked the end afithégned MCNT or CNF modified
epoxyfilm adhesive manufacturing.

The aligned MCNT andligned CNF film adhesivese., resin films containing througtiickness
directionally aligned MCNT or CNRyere produced by placing the unaligned MCGfillm and
CNFfilm under an electrical field and an elevated temperature, and the MCNTs or CNFs begin
alignment [4]. The film was cooled down to solidify the film adhesive to maintain the alignment
of MCNTSs or CNFs. More details about the resin film processing is described in Section 2.4.

2.2 SingleLap Shear Test

The standard used in the adhegniat test experiment was ASTM D588 which describes the
procedure of testing the lap shear bond strength using composite materials. The lap shear bond
strength was determined by putting the test sample into tension until fracture (Figure 1). The CFRP
couponsmeasured 25.4 mm by 101.6 mm with a thickness of 2.5mm stated by the standard. It was
critical for the bonding site to preserve a 1 fhatea to ensure the higher end of possible shear
stress, deviating could produce less than optimal measurements insgkea. The standard
required a 13 mm/min loading rate. Prior to testing, the samples were gently fastened into the
testing machine. Due to the nature of this step, it was easy to accidentally snap the bonding site
and destroy the sample before it cooddtested. To avoid this, we had fastened the testing clamps
onto the sample grippers without introducing torsion into the anchoring process. The machine used
for this test was a Tinius Olsen 10ST universal testing machine.

Test Case Film Adhesive: —  1016mm —— |

0.76mm
254 mm — ‘/25.4 mm >-0mm

76.2 mm \

Miscellaneous Testing
Film Adhesive Gripper

Direction of
Shear Force

Figure 1: The overall testildjmensions of ASTM D58681.

2.2.1 Sample Preparation and Bonding Process:
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The CFRP coupons were split into pairs based on the similarity of the overall dimensions they
shared to create stable testing data. CFRP coupons were sanded by 220, 320, 400 grit 3
SandBlaster Advanced Sanding Sheet sandpaper. Further sanding used 800, 1,500, and 3,000 grit
3M Wetordry Sanding Sheets. The steel coupons followed an identical sanding process. Sanding
the coupons created a minidee shining surface.

All coupons wee fitted with their film adhesives. Each assembly was pressed together with
mediumsized alligator clips to ensure no shifting to the overall thickness of the film occurred
during the curing process. The curing takes place inside an oven°a fiQwo tours. The
coupons and its various film adhesives were-pastd for 2 hours at 180. After the curing, the
samples were lightly sanded with a hand Dremel to remove any of the cured film residual from the
edge of the assembly.

Postcuring took place latanto the sample manufacturing. After curing, the samples were sanded
with the sandpaper stated above from-2R0 grit. to achieve a uniform dimension of 101.6 mm

x 25.6 mm x 2.5 mm. For the complete experiment focusing on CFRP, at least 30 samplse coupon
were required to cover 15 tests at three variatiomstrol, aligned MCNT, and unaligned MCNT
Although testing showed a marginal increase in shear strength which yielded a second test using
CNF instead. This resulted in recycling ten of the previosis.t&hese recycled coupons were
sanded once again to remove any outside structural damage following the same range of sanding
grits used in the original CFRP coupons. Additional leftover coupons were reconstituted into 25.4
mm x 25.4 mm x 5mm cubes whigkere bonded to the opposite sides of the bonding site using
any of the film adhesives.

The number of adhesijeint assemblies being tested are summarized in Table 1.

Table 1: Coupon layout throughout the experiment.

Experiment CFRP Tensildesting Steel Tensile Testing
Case Type | Control A. U.A. A.CNF U.A. CNF | Control [ A.CNF | U.A.
MCNT MCNT CNF
# Coupons 10 10 10 10 10 10 10 10
(Recycled)| (Recycled)

2.2.2 CFRP Laminate Preparation

The CFRP coupons were prepared and trimmetksasribed in section 2.2. The sides of the
coupons were sanded by using 80 to 400 grit sandpaper of the same 3M SandBlaster Advanced
Sanding Sheets listed above in section 2.2.1. until they reached the standard dimensions. The
now sanded samples were washeth soap and water, dried in the vacuum oven for 30 minutes

at 100C, then taken out to cool on a metal plate at room temperature-idy dnutes, thethe
samplesvere rinsedn acetone and dried off manually. Then the samples were placed back into
the 100C oven for another 15 minutes to evaporate the remaining traces of acetone. Then the
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coupons were washed again with soap and water and finally placed into the ovéiC&bi00

10-15 minutes for the water to evaporate, then the coupons were takarttoeioven and placed
back on the cool metal plate at room temperature. The CFRP coupons were then ready for film
adhesive bonding after resting for 2 more hours covered with tin foil to prevent dust interacting
with the bond area.

2.2.3 Steel Coupm Preparation

Thirty steel coupons were prepared. A 1 fivelgion at the end of each steel coup@s sanded

with the 220 to 3,000 grit 3M sandpaper listed above in section 2.2.1. The cleaning process is
identical to the CFRP laminapeeparation. Each of the 30 steel coupons were assigned to another
coupon with similar dimensions, mirroring the CFRP coupons, to ensure a uniform force
distribution and minimize the inherent moment the bonding site will experience. By following the
ASTM D586801 standard five test specimens were made for each case conducted (i.e., control,
aligned CNF, unaligned CNF, aligned MCNT, and unaligned MCNT).

2.3 Microscopic Morphology Study

The failure modes experienced by the test cases were examinedhgsimgctoscopy analysis.
The microscope pictures were taken with a Nikon Eclipse LV150 upright microscope with ranges
from 100x to 3000x magnification.

2.4 Resin Film Adhesive Preparation

The resin film process can be described as follows (Figuret 2hefstart 100 wt% Epon 862 and

26.5 wt% Epikurev was measured out (stoichiometric ratio 100:26.5), the Epikuneas set

aside for later use. Then from the combined weight of Epon 862 and Epildispersion agents

S-191 and S192 at 1.0 wt% each weeelded into the Epon 862. For the different concoctions of

film adhesive having CNF instead of MCNT, the only difference in manufacturing the film was
the nanofiller. The same process was done for both cases at the start. The nanofiller used in this
explangion will be MCNT. Once 1 wt% of MCNT was deposited into the resin and then the
mixture was gently stirred with a sterile stirring rod to avoid the nanofiller from spilling. After
manual mixing, the batch was placed on a hot plate f&¢ @0d high shear ixing (HSM) ran for

1 hour. Every 30 minutes the direction was switched to ensure a consistent blending of the
materials. HSM concluded the batch was placed into a sonicator to agitate and disperse any
agglomerations HSM did not break down. This processgaded for 1 hour at which a quality
control sample was taken for microscopic analysis to gauge how well the dispersion was. The
curing agent Epikur8V was mixed into the batch and swiftly underwent HSM for 10 minutes with

the direction alternating evebyminutes. The resin was taken to be degassed once more following
the same configuration as before. At the end of this process the batch was ready teshbegimgB

B-staging took place inside a vacuum chamber af@2ntil the resin reached-&age.This

process was monitored for roughly 40 minutes at’@2@ith samples taken in 2 to 5 minute
increments. The batch underwent our proprietary process of making homogenous sheets of resin
film of various thicknesses stated by ASTM D58B8 For making th&lms containing through
thickness directionally aligned CNF or MCNT (i.e.,-Eiflm), the resin films were subjected to a



DOl (Will be added by SAMPE)

high voltage to align the nanofillers in thalirection [4]. This electrical field alignment was done
on a proprietary R2R assembigd. Figure 2 shows the schematic of the aligned CNF or MCNT
film manufacturing process

R

Manually Stirrer to Add Epen 362,5191,
High Shear Mising Add Epikure-W ‘Sanlﬁtiou for High Shear Mixing get homogeneous §192, and CNFs

Degassing at 110 for 10 mins As per ratlo ours for and Hours paste according to the ratio
Degree C for 10-15

minutes

m <&

VBEUM ovEn

Resin Film with ~
Consider this batch for CNFs CNFs Z-Alignment Catting of ZT-Film Join ZI-film Using Coupon

further process to make by electric field in Vacuum oven

sample for testing

Figure 2:The resin film adhesive containing aligned COIFMICNT, i.e., CNF Zthreading resin
film or ZT-Film, was manufactured using this process for each vamiafiélm adhesive
involving nanofillers.

The thickness described in tA&TM D586801 standard called for a film thickness of 0.76 mm
which was made with a minimum of 0.65mm to a maximum of 0.86 mm. For this experiment, both
aligned and unaligned filradhesives were made at this stage. Once the alignment process was
complete the resin had converted into sheets of resin which could then be cut to the dimensions
stated in ASTM D586®1.

The films were cut into 1 inérpieces and then applied at the biowgdsite at the end of each
coupon. A small amount of force was necessary to keep the films and coupons from moving while
curing. This need was fulfilled by using medium sized alligator clips clamping the coupons
together at the bonding area. This stggwnportant as without it the bonding edge could be larger

and cause the coupons to cure at an angle which would cause a stress concentration and create
inconsistent data.

3. RESULTS AND DISCUSSION

3.1 Single-Shear Lap Test Results
3.1.1 CFRP Coupon Testing

For this experiment the following film adhesive cases were investigated: aligned MCNT/resin,
unaligned MCNT/resin, control resin, aligned CNF/resin, and unaligned CNF/resin. Figure 3
shows all the samples’ shear stress vs displacement curves. All sampls#iikad shear strength
level.
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Figure 3: The shear stress vs crosshead displacement curves for the CFRP bonding test: Control
(@), Aligned MCNT (b), Unaligned MCNT (c), Aligned CNF (dnaligned CNF (e).
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Table 2 has the similarities between the ultimate shear strengths documented from the test cases.
A visual inspection of the fracture surface regardless of testing case showed a consistent fiber
failure (adherent) instead of a filadhesive failure (adhesive). If the CFRP adherent was stronger
than the ones being tested, one would expect a higher shear strength. Hsiao et al. showed the
ultimate stress found with 1.0wt% MCNT film adhesive was around 17 MPa in the same
experiment staratd procedure, ASTM D58681 but using resin transfer moldingrocess
produced CFRP adheren@j.

Table 2: CFRP Coupon Testing Case Results.

Figure 4 below shows the majority of CFRP bonding samples, regardless of the type of resin film
being used, yielded similar failure modes. The T700 unidirectional carbon fiber used inside the
CFRP composite testing coupons failed first with heavy damamyestor both sides of the bonding
area.
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Figure 4: Average Ultimate Shear Stress per CFRP Case.

This damage indicated a fibagar failure in the CFRP coupons. Due to this, the ultimate shear
stress exerted onto the samples at failure could be inferigel from the fiber failing rather than

the resin film failing in every case. This conclusion can be seen clearly in Table 3, which
summarizes all the testing cases using the CFRP adherents. Since all cases of the CFRP adherent
bonding test were limitedytthe adherent failure they cannot tell the significance of the adhesive

film compositions effect over the other. A stronger adherent was needed for addressing the issue.
In the following cases, the steel adherents were used.

Table 3:CFRRbonding Cases Testing Summary

Average Improvement Improvement ovel
Film Adhesive 9 Average Sheg COV of Shear| over control P
Type Borfigg Strength (MPg Strength (%) | shear strengt control shear
yp Area (mm2) 9 9 0 (%) 9 strength COV (%)
Control 7.34 11.21 11.81 N/A N/A

Alighed CNF 7.25 12.06 11.87 7.62 0.50
Unaligned CNF 7.73 11.79 7.18 5.19 -39.17
Aligned MCNT 7.10 11.38 11.20 1.54 -5.16
Unaligned MCNT 6.87 12.20 12.76 8.84 8.05

3.1.2 Steel Coupon bonding Testing

While not specifically made the standard used before, ASTM DB&6&he steel testing was
machined in a similar fashion with the exception being a larger bonding area resulting in a
rectangular form 0645.16 mm (1 inch?) bonding area. The thickness was also different with an
average 1.25mm compared to the CFRP test coupons at 2.5mm thick. A similar process was
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repeated from the CFRP coupons to create the film thickness used for this round of tests. This
round of testingensured no adherent failure in the coupons would occur again and should yield
failure modes either on the interface or the adhesive. Figure 5 shows the shear stress vs
displacement curves. Note that MCNT was not used in thelsteeing studies.
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Figure 5: SteeAdherendsTestingCasesControl (a), Aligned CNF (b), Unaligned CNF (c).

Table 4 summarizes the shear stresses of thepd#tes bonding study. The values were less than

the shear stress found in the CFRP tests. @é¥ew this was a red herring. While it was true, the
reasons why were based on inconsistent results. The majority of the samples experienced interface
failure on the CFRP fiber. Yet error could have also been present in the second round of testing.
The suface preparation of the galvanized steel coupons could have caused this lower failure shear
strength in [5] steel coupons were sanded in ascending grades of sandpaper and chemical washes
to remove as many impurities as possible. In Table 4 below, the shean strength found was
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similar to the data in [6] with an average shear strength of 3.12 MPa for its epoxy and hand sanding
test compared to the 3.772 mean found in the control resin film bonding test.

Table 4: Steel Coupon Testing Case Results.

3.075 2.956 N/A
3.826 4669 5.059
N/A 7.815 4977
3.227 3.768 6.972
4962 5331 9.195
3.772 4508 6551
0.857 1.857 1.989
22.712% 37.841% 30.367%
3.075 2.956 4977
4962 7.815 9.195

Note:Failed before testing (N/A).

After testing, the highest shear strength case from the steel coupon test was found to be the
unaligned CNF case as shown in Figure 6 and Table 5. In a cross section of the bonding site, the
randomly aligned nanofiber will gmse movement as well as stopping the crack propagation.
Because of this, the bonding site must prove difficult to break in tension testing. If one compares
the casswith aligned CNFEthe alignment of the CNF along thealirection will appear flat and
pointed in the general direction of failure. With unaligi&dF, it would be more difficulfor the

crack propagatiorio pass through. Although the aligned MCNT would behave similarly to
unaligned CNF in theory. Because the aligned CNF was all pointed mdinection it would
increase the chance of fiber pullout resulting in a lower ultimate shear strength.
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Figure 6: Average Ultimate Shear Stress per Steel Case.

Table 5: Steel Testing Summary.

. , Average Improvement Improvement over
Film Adhesive Bonding Average Sheg COV of Shear| over control control shear
Type Area (mm2) Strength (MPg Strength (%) shea(r 0Z';rengt strength COV (%)
Control 8.43 3.77 22.71 N/A N/A
Aligned CNF 8.06 491 37.84 30.10 66.61
Unaligned CNF 8.99 6.55 30.37 73.65 33.70

Figure 7 compares the average shear stresses for using aligned and unaligned CNFs in the resin
film for bonding CFRP laminates and steel plates. It can be seen that CFRP bonding failure seems
to be independent of the type of resin film used. However, tibetl®onding data showed
significant improvement of using CNFs in the resin film. Furthermore, the unaligned CNF infused
resin film produced 73.65% improvement as shown in Table 5.
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Figure 7: Average Shear Stress for each experiment.

3.2 Fracture Failure Modes

After testing the CFRP and steel coupons, pictures of the failure surface on the bonding site were
taken to distinguish a pattern relating the shear stress found in testing and the failure modes. In the
figure below each sample following theespective case was documented. Due to the extensive
damage to the CFRP test samples a uniform failure outside adherent failure could not be
distinguished. Yet the steel test samples provided a clear picture of the failure mode. These pictures
were chose as they resemble the average failure mode from each case.

(a) (b)
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Figure8: SteelBonding Samplé&-ailure Microscopy: Control 100x (a), Control 1000x (b),
Aligned CNF 200x (c), Aligned CNF 1000x (d)nlligned CNF 100x (e), Unaligned CNF
1000x (f). Adhesive Interface (A.l.), Steel Interface (S.1.).

4. CONCLUSIONS

This study characterized the capabilities of aligned and unaligned MCNT and CNF infused film
adhesives in shear through unidirectional carboer famd epoxypased film adhesives in various
cases. The CFRP coupons used in the first test were expected to outlast the film adhesives and
provide true to life shear strength data. However, the outcome of that test proved otherwise. In
actuality, the fibeyielded first in every case regardless of the composition of its film adhesive. To
rectify the data, another round of testing was conducted with the change &mlksrehadoupons.

These tests resulted in a very clear correlation to the film adhesdeeand the corresponding

shear strength. In summation, unaligned CNF proved to be the strongest of the cases during the
steel platebonding testing. It performed 73.6% better than the neat efoxyadhesive, at an
average shear stress of 6.551 MPa caspo 3.772 MPa from the control case. Although the
CFRP laminate bonding tests showed almost the same results of shear strength for every sample



